Falcarinol (9Z-heptadeca-1,9-diene-4,6-diyn-3-ol; (1) is a polyacetylene commonly found in several plant families. The absolute configuration of naturally occurring 1 is not clear and contradictory results have been reported in the literature. Determination of the absolute configuration of 1 from Pastinaca sativa L. was carried out. Isolation of 95% pure 1 was performed via successive fractionation and preparative-HPLC. A racemic mixture comprised of 3R-1 and 3S-1 was synthesized in order to confirm the absolute configuration of the isolated natural product using chiral HPLC. Based on a combination of chiral HPLC and specific rotation, 1 present in P. sativa was found to have a 3R absolute configuration (i.e. (3R, 9Z)-heptadeca-1,9-diene-4,6-diyn-3-ol).
Falcarinol (1) is a bis-acetylene that is part of a wider family of compounds known as polyacetylenes, some of which contain more than one alkyne. Polyacetylenes are commonly found in several plant families [1] , including commonly consumed members of the Apiaceae family such as Daucus carota, Pastinaca sativa and Petroselinum crispum. Falcarinol (1) and other polyacetylenes have been the subject of several studies due to their interesting biological properties. In plants, polyacetylenes play an important role in the prevention of fungal root infections. When consumed by humans, polyacetylenes have documented health benefits, which include anti-inflammatory [3] , anti-platelet-aggregatory [4] , antifungal [5] , antiviral [6] and anticancer effects [7] . Recently, polyacetylenes were associated with a reduction in the risk of developing certain types of cancer and other important diseases [8] .
Falcarinol (1) was first isolated from Panax ginseng roots by Takahashi [9, 10] and was named panaxynol. Later Bohlmann and co-workers isolated a compound with a similar structure to panaxynol from Falcaria vulgaris [11] . At the same time, Crosby isolated a natural toxicant from Daucus carota with a very similar structure and named it carotatoxin [12] . The three compounds have the same chemical structure, but the use of different trivial names has, historically, led to confusion. This lack of clarity has been compounded by the fact that both enantiomers (3R and 3S) have been isolated from different plants (Figure 1 ). In addition, the stereochemical determination of these types of polyacetylenes is problematic when current analytical techniques such as the Mosher´s ester and circular dichroism methods are used. One reason for this is that these techniques are less reliable when secondary alcohols are flanked by two unsaturated chromophores [13, 14] .
It is still common to find inaccurate chemical structures in recent literature. The absolute stereochemistry of (+) and (-)-falcarinol was finally confirmed by stereodefined synthesis [14] [15] [16] [17] and similar arguments have confused workers with falcarindiol [18] [19] [20] . Recent publications have given contradictory assignments to this class of natural products. For example, Yadav and co-workers have chemically synthesized oploxynes A, B and their C-10 epimers [21] , and this cast doubts on the previously assigned stereochemistry of oploxyne B, which was isolated from the stems of Oplopanax elatus [22] .
3R derivatives of 1 were described previously for isolates generated from Apiaceae and Asteraceae genera. However, the 3S configuration for 1 was related to isolates generated from Araliaceae [11, 20] . Knowledge of the absolute configuration of falcarinol (1) is necessary. Indeed, a recent report indicated that significant differences in biological properties were found with stereoisomeric polyacetylenic structures [23] .
Therefore, the aim of this work was to determine the absolute configuration of 1 from Pastinaca sativa and confirm the initial assumptions that the 3R enantiomer is present in plants of the Apiaceae family. A newly developed chiral HPLC method was employed to achieve this aim. This method was used for the separation of a mixture of chemically synthesized enantiomers and for analyses of the isolated natural product and a "spiked-mixture" of the synthetic racemic mixture with the natural product. In this way the structure of the natural compound was assigned based on retention time rather than the Mosher's ester technique. A HPLC chromatogram of an ethyl acetate extract from freezedried powder pre-purified using flash chromatography showed a distinct peak with a retention time of 17.25 min, detected at a wavelength of 205 nm. The absorbance spectrum between 190 and 320 nm of this peak showed the typical profile of 1; one large and intense band with a maximum at 205 nm, and three smaller bands with maxima at 230, 245 and 260 nm, respectively [24] . A number of other falcarinol isolation techniques have been reported in the literature [24] [25] [26] . However, some of these, including column, thin layer and multilayer coil counter current chromatography were reported as either time consuming or requiring special equipment, and are, therefore, less useful for large scale isolation than preparative HPLC. The addition of a pre-purification step using normal phase flash chromatography meant that a relatively short run time (33 min) could be used, as many of the impurities (mainly carotenes) were removed from the crude extract. HPLC analysis of this fraction yielded a single peak that corresponded to 1 and constituted >95% of the total detectable area by HPLC and by 1 H NMR spectroscopy.
The prep-HPLC procedure used in the present study had a relatively short run time in comparison with other reported methods, was easy to implement and was able to produce relatively large quantities of material. The ability to isolate relatively large quantities of 1 from a plant source is essential in order to carry out biological studies in vivo as 1 is not commercially available. The total yield of falcarinol was slightly higher than 2 mg per kg of root of P. sativa. This is similar to that reported by Crosby for Daucus carota [12] . Whilst the isolation method presented here was effective, the absolute yield is a reflection of the low abundance of the compound in the natural product. Therefore, alternative synthetic routes for this compound are necessary. However, the determination of the absolute configuration of the natural product is essential before developing strategies to synthesize 1 as the mixture of enantiomers could have different biological properties than those of the isolated enantiomers.
Using the synthetic route outlined in Scheme 1, a racemic mixture of 1 was synthesized. The individual stereoisomers comprising racemic 1 proved separable using an OJ-H chiral analytical column. Since previous studies [16] had uncovered that the (-)-isomer had a shorter retention time than the corresponding (+)-isomer, this enabled investigation of the absolute stereochemistry presented by 1 from this natural source. Based on the stereodefined syntheses reported by Cai and co-workers [14] , it is now well-established that the (+)-enantiomer of falcarinol possesses a 3S-stereogenic centre. Figure 2 shows the chiral HPLC analyses of three samples, the synthetic mixture of (R)-and (S)-falcarinol ( Figure 2, graph A) showing complete separation of both enantiomers with retention times of 6.8 and 8.0 min, with peak areas of 44% and 56%, respectively. The isolated 1 from the root of P. sativa (Figure 2,  graph B) shows that the natural product was comprised of only one enantiomer, with a retention time of 7.1 min and some impurities. The retention time for the isolated natural product was not sufficient to determine its absolute configuration and a "spiked" synthetic mixture with the natural 1 was carried out. Lastly, purification of the synthetic mixture, spiked with the natural product was performed (Figure 2 , graph C) and a significant increase in the area under the curve of the first peak was observed.
Scheme 1
The assignment of the eluting peaks in chiral chromatography was supported by the optical rotation values recorded for the isolated falcarinol, the racemic mixture, and the spiked racemic mixture. Isolated falcarinol optical rotation showed negative (laevorotatory) properties ([α] D 20 -37, c = 1.0, CH 3 Cl), which is unambiguously [14] correlated to the R absolute configuration at C-3 [16] . On the other hand, the optical rotation for the synthetic racemic mixture showed slightly positive (dextrorotatory) properties and corresponded to an 18% enantiomeric excess of (S)-falcarinol over (R)-falcarinol. This was in agreement with the value of the ratio between the areas under the curve of both peaks obtained by chiral chromatography (R / S = 0.8). The enantiomeric mixture spiked with the isolated natural falcarinol again showed negative properties (ca 20% enantiomeric excess of (S)-falcarinol over (R)-falcarinol) that once more correlated well with the R/S ratio of the areas under the curve obtained by chiral chromatography (R / S = 1.19). This indicates that the absolute configuration of falcarinol (1) from the root of P. sativa corresponds to the (R)-enantiomer.
In summary, the absolute configuration of natural falcarinol (1) from P. sativa root was unambiguously determined to be 3(R)-using a combination of chiral HPLC and polarimetry. Inaccurate chemical assignments for 1 and its related compounds still occur in the literature and we believe these results help to reduce the level of confusion concerning the structure of this natural product. The absolute configuration of 1 is necessary in order to understand the biochemical mechanism of action because different stereisomeric Absolute configuration of falcarinol from Pastinaca sativa Natural Product Communications Vol. 8 (8) 2013 1125 polyacetylenic structures can lead to different biological properties. The methods described herein could be easily applied for determining relatively rapidly and unequivocally the absolute configuration of 1 from other sources. Low abundance of 1 in natural sources highlights the importance of developing alternative and more cost effective synthetic routes. Knowledge on the absolute configuration of a natural product and its specific biological properties will impact on the strategies of how they are chemically synthesized.
Experimental
Solvents and reagents: All reagents used for the chemical synthesis of (±)-heptadeca-1,9-Z diene-4,6-diyn-3-ol [(±)-1] were purchased from Sigma Aldrich. Solvents for the extraction, isolation and chromatographic separation of the natural product were HPLC grade from Romil (UK).
Isolation of falcarinol:
Frozen, non-peeled roots were sliced vertically into ca 5 mm disks using a slicer (Berkel 800, UK). Once samples were sliced they were immediately lyophilized using a freeze-drier Model A6/14 (Frozen in Time Ltd, UK). Freeze-dried sliced roots were milled into a fine powder using a blender (Robocoupe Blixer 3000, France). The milled powder was then used for extraction with ethyl acetate overnight with constant shaking (5 L of ethyl acetate were used per kg of freeze-dried powder). The extract was filtered and the residue re-extracted with the same proportion of ethyl acetate. The filtered extracts were dried in a large scale rotary evaporator R-220 (Büchi, Switzerland) obtaining a crude oil that represented ca 2% of initial mass.
The root extract was pre-purified using flash chromatography (IntelliFlash 310 Analogix, Varian, USA). The column used for the pre-purification was a Superflash pre-packed silica column (SF65-200 g, 50 μm, Varian, USA). The following fractions were collected at a flow rate of 100 mL/min (F0) 100% cyclohexane until a darkred, brown band was completely removed; (F1) elute with 5% ethyl acetate in cyclohexane for 15 min; (F2) elute with 10% ethyl acetate in cyclohexane for 15 min; (F3) elute with 20% ethyl acetate in cyclohexane for 30 min, and (F4) elute with 100% ethyl-acetate. All fractions were monitored in a HPLC (Agilent 1100 series) at a wavelength of 205 nm using a method recently reported [27] . The 5% ethyl acetate in cyclohexane fraction (F1) contained 1.
Isolation of 1 from F1 was performed using a Prostar 218 Prep-HPLC system (Varian, USA) equipped with a diode array detector. Preparative HPLC separation was carried out on a Luna 5μ C-18(2) (100 x 21.20 mm, 100 Å, 5 μm) Prep HPLC column (Phenomenex, USA). Elution was performed at a constant flow rate of 10 mL/min. The solvent system consisted of 70% acetonitrile in water for 5 min, changed linearly over 13 min to 86% acetonitrile, finally to 95% acetonitrile for 2 min; this was maintained isocratically for 8 min. The percentage of acetonitrile was changed to 70% over 2 min. Falcarinol was detected by absorbance at 205 nm. Falcarinol was collected between 16 and 20 min. The purity of the collected peak was analyzed with a PDA detector coupled to the Prep-HPLC and through 1 H NMR spectroscopy.
Synthesis of (±)-heptadeca-1,9Z diene-4,6-diyn-3-ol: Following our recently reported protocol [16] , a racemic mixture of falcarinol was prepared in a five-pot seven-step synthetic sequence (Scheme 1). Briefly, the non-volatile butadiyne surrogate 1 (in Scheme 1) was lithiated with methyl lithium (1 equiv.) and quenched with the -unsaturated aldehyde, acrolein. Basic work-up in aqueous sodium hydroxide gave alcohol 2 (in Scheme 1). Propargyl alcohol 3 (in Scheme 1) was alkylated with 1-bromoheptane and the now internal alkyne was stereoselectively reduced with molecular hydrogen and Lindlar's catalyst (Pd/CaCO 3 ) to afford the Z-allylic alcohol, which was converted into the chloride 4 (in Scheme 1) following an Appel reaction. Coupling under Cu (I) mediated conditions gave racemic falcarinol in moderate, but reproducible yield. The main issue with this alkylation is that a by-product (not shown) resulting from an S N 2' process is also formed.
NMR analysis:
1 H NMR spectra were recorded on a BrukerTM Avance Spectrometer (Coventry, UK) at 500.162 MHz and 300 K using a 5 mm PABBO Broad Band Observed probe. The acquired spectra were line broadened (0.5 Hz), and manually phased using TOPSPIN v 1.3 software (Bruker, Coventry, UK) and baseline corrected. The chemical shift of the spectrum was then calibrated from the residual chloroform signal at δ 7.26 ppm. 13 C NMR spectra were recorded at 125.3 MHz and 300 K using a 5 mm PABBO Broad Band Observed probe. 
Supplementary data:
1 H and 13 C NMR spectra of isolated (-) 3R-falcarinol from Pastinaca sativa and the 1 H and 13 C NMR spectra of the synthetic (+)-3S, (-)-3R mixture are available on line.
